Abstract: An experimental investigation has been performed to study the film cooling performance of a smooth expansion exit at the leading edge of a gas turbine vane. A twodimensional cascade has been employed to measure the cooling performance of the proposed expansion using the transient Thermochromatic Liquid Crystal technique. One row of cylindrical holes, located on the stagnation line, is investigated with two expansion levels, 2d and 4d, in addition to the standard hole. The air is injected at 90 o and 60 o inclination angle relative to the vane surface at four blowing ratios ranging from 1 to 2 at a 0.9 density ratio. The Mach number and the Reynolds number based on the cascade exit velocity and the axial chord are 0.23 and 1.4E5, respectively. The detailed local heat transfer coefficient over both the pressure side and the suction side are presented in addition to the lateral-averaged normalized heat transfer coefficient. The proposed expansion provides a lower heat transfer coefficient compared with the standard cylindrical hole over the investigated blowing ratios. Combining the heat transfer coefficient with the corresponding cooling effectiveness, previously presented, the smooth expansion shows a significant reduction in the heat load with more uniform distribution of the coolant over the leading-edge region. The strong confrontation between the coolant jet and the mainstream, in case of 90 o injection, yields a strong dispersion of the coolant with higher heat transfer coefficient and high thermal load over the vane surface.
Introduction
The leading edge is extremely exposed to the hottest flow temperature accompanied with the stagnant nature of the main flow, resulting in the highest heat transfer coefficient over the entire airfoil. The showerhead film hole is introduced to provide more coolant amounts that protect the surface of the leading edge. The highly curved surface at the leading edge invokes sever jet detachment from the surface yielding a strong interaction between the coolant and the mainstream. Therefore, many studies have been conducted to investigate the change in the heat transfer coefficient over the leading edge.
Using the naphthalene sublimation technique to investigate the mass transfer and the heat transfer, Karni and Goldstein [1] varied the injection location relative to the stagnation line using one row injection with both streamwise and spanwise injection. As the injection location moved downstream, the corresponding heat transfer coefficient decreases. The heat transfer coefficient increased and the affected area was increased as well with the blowing ratio increase in the case of the streamwise injection. While the spanwise injection showed more tendency to stable heat transfer coefficient with the blowing ratio. They reported a significant increase in the heat transfer coefficient with the injection at the stagnation line. Using the transient TLC technique, Ekkad et al. [2] investigated the cooling performance of injection near downstream the stagnation line at two different density ratios. They reported a reduction in the heat transfer coefficient at all blowing ratio with the density ratio increase. This finding was matched with the finding of Mick and Mayle [3] for a similar geometry with different injection location downstream the stagnation line using an array of thermocouples.
Simulating the leading edge as a half cylinder, Mehendale and Han [4] experimentally studied the effect of turbulence intensity on the film cooling performance at different blowing ratios.
As the mainstream turbulence increased, the flow fluctuations penetrated more through the boundary layer hence the heat transfer coefficient increased. However, the effect of the turbulence reduced with the increase of the blowing ratio due to the severe jet lift-off that leads the coolant away from the surface. The heat transfer coefficient was found to decrease with increasing hole spacing because of less flow interaction and less coverage. Using the same
Paper: ASAT-17-003-TH 3/16 model, Ou and Han [5] concluded with the same findings for slot holes. The effect of turbulence intensity was also investigated by Johnston et al. [6] and they found a 30 to 50 percent increase in the baseline heat transfer coefficient with the high turbulence level.
Investigating the effect of zero and off-design incidence, Hoffs et al. [7] measured the cooling performance of the showerhead with three-row and four-row configurations over a cylindrical model using the TLC technique. The four-row configuration showed significant increase in the heat transfer coefficient compared with the three-row. Changing the incident angle caused a significant increase in the heat transfer coefficient particularly at the higher blowing ratio.
The standard cylindrical hole is not enough to provide the required cooling capacity at this region due to the sever jet lift-off and the highly curved surface. Introducing shaped holes over a flat plate, Gritsch et al. [8] , Bell et al. [9] , Cho et al. [10] , and Yu et al. [11] investigated the effect of the film hole exit shape on the interaction between the coolant and the mainstream. In their studies, they concluded an increase in the cooling effectiveness with the shaped holes accompanied by a reduction in the heat transfer coefficient compared with the standard cylindrical hole. Using the transient TLC technique, Reiss and Bolcs [12] measured the cooling performance of three cooling hole shapes on the showerhead region at two Mach numbers. They reported a decrease in the effectiveness by increasing the Mach number due to the thinner boundary layer associated with the high velocity mainstream. The jet then has more of a tendency to penetrate through the thinner boundary layer with different penetration degrees for each exit shape. With a more expanded exit, the strength of the jet to penetrate decreases and the effect of Mach number becomes insignificant.
Modeling the leading edge as an elliptic surface, York and Leylek [13] numerically investigated the cooling performance of standard cylindrical hole and diffused shaped hole at the stagnation line and four diameter distance downstream the stagnation line. In both locations there was a heat transfer coefficient augmentation increase with the blowing ratio due to the corresponding increase in the flow interaction, particularly for the confronting flows. The turbulence intensity of the mainstream and the jet supported the increase in the heat transfer coefficient due to the additional mixing between both streams. Lu et al. [14] studied the effect of the hole angle and shaping on the cooling performance of turbine blade showerhead film cooling using a blunt body model. Higher blowing ratios resulted in a lower increase in the heat transfer coefficient, as the jet lift-off caused less mixing between both streams, and hence less turbulence. The effect of the blowing ratio variation was small compared to the effect of the injection itself. The heat transfer coefficient was also enhanced with the shaping of the hole, however this enhancement was not significant compared to the gained effectiveness, resulting in a lower heat flux reduction ratio.
Islami et al. [15] numerically investigated seven different film cooling holes at the leading edge with two rows, one on the pressure side and the other on the suction side. They found the coolant trace on the suction side was much longer with lower effectiveness than that on the pressure side. The sidewall boundary layer of the hole passage arose a pair of kidney vortices that pushed the coolant upward and pulled the hot gases towards the surface yielding to jet lift-off. The convex surface produced a favorable pressure gradient that allowed the coolant to reattach close to the surface far downstream yielded to a long trace. On the pressure side, the pressure difference between the far-field cross-flow and the lowered pressure in the wake downstream the trailing edge of the hole yielded a strong reverse flow just downstream of the hole. This reverse flow acted as a cross-flow, causing an anti-kidney vortices pair. This anti-vortex pair located underneath the jet near to the surface and tends to suppress the jet vertical velocity at the centerline and near downstream the hole edge, therefore further jet lift-off was prevented on the pressure side. The concave surface of the pressure side caused a flow separation due to
Paper: ASAT-17-003-TH 4/16 the adverse pressure gradient, yielding to a shorter trace. Shaping the hole exit generally increased the cooling effectiveness with different mechanisms according to the shape geometry. The cylindrical hole with the trench increased the strength of the vortices with tendency to laterally spread rather than vertically penetration especially on the suction side. Diffusing the hole exit reduced the jet velocity in addition to reducing the strength of the formed vortices yielding overall enhancement on the effectiveness on both the pressure and the suction sides.
The conical hole caused a spread in both streamwise and spanwise directions, yielding an effectiveness enhancement on both sides.
The leading edge counters the highest heat transfer coefficient through the entire airfoil due to the stagnant nature of the mainstream. The mainstream has a low momentum at the stagnant line followed by high flow acceleration with a thin boundary layer. Because of the significant jet lift-off, the standard cylindrical film holes provide insufficient cooling capacity to protect the leading edge from the high thermal load. Therefore, the leading edge needs a high film cooling density to provide the proper cooling capacity. The previous studies investigated the diffused shaped hole to increase the cooling effectiveness and decrease the heat transfer coefficient; however, the total heat load reduced is still insignificant Lu et al. [14] . In this study, a smooth expansion at the exit of the standard cylindrical hole has been proposed to modify the diffused hole in order to decrease the jet momentum by increasing the area ratio. One row with 10 holes at a radial compound angle is located at the stagnation line of a gas turbine vane on a two-dimensional airfoil cascade. Two steep surface inclination angles, 90 o and 60 o were investigated with two expansion levels, 2d and 4d in addition to the standard cylindrical hole.
Experimental Setup Test Facility and Test Section
A wind tunnel was established at Concordia University to investigate the film cooling performance in gas turbines. The test facility consists of both mechanical and electronic systems, and is well documented in a companion paper, Elnady et al. [16] . A two-dimensional airfoil cascade, presented in Figure 1 , provides similar flow passages that match the physical curved surface and the pressure distribution around a scaled vane used in a typical industrial power generation plant. An adaptor of 27.5 cm by 12 cm inlet cross sectional area is installed on the main flow line, upstream of the cascade, to reduce the tunnel cross section area to 9.5cm by 5.1 cm. A duct of the same cross section and 150 cm length is used to convey a fully developed mainstream to the airfoil test sections. While the main stream is kept at room temperature, a heater with a maximum capacity of 1.2kW was assembled on the secondary line to heat up the jet before being delivered to the test section. A small plenum of 7cm×2cm×2cm internal dimension is assembled at the bottom of the base part of the test section to feed the airfoil with the secondary flow. Fast acting 3-way solenoid valves route the secondary flow through bypass until steady state conditions are achieved. A thermocouple and a pressure sensor are inserted in the plenum to record the static temperature and pressure of the jet before it is delivered to the airfoil.
The mainstream air is supplied with a volume flow rate of up to 0.5 m 3 /s. An additional honeycomb mesh, 5 cm long with a cell size of 0.6 cm, is placed 180 cm upstream the vane leading edge to ensure uniform flow. The trailing edge tailboards were contoured to ensure identical streamline flow downstream the vane. The cascade inlet and exit velocities are set to be 34 m/s and 90 m/s corresponding to Mach numbers 0.1 and 0.23, respectively. The turbulent intensity was measured using PIV technique one chord upstream the vane leading edge and it was found to be 8.5%. The exit Reynolds number based on the axial chord is 200,000 and the vane pressure ratio (Po/P) is 1.12. Figure 2 shows the proposed smooth expansion at two inclination angles, 90 o and 60 o relative to the vane surface. Two levels of expansion are investigated, 2d and 4d, in addition to the standard cylindrical exit. Only one row, with 10 holes, has been employed on the stagnation line to examine the performance of the aforementioned geometries. A different vane is used for each different hole arrangement thus a total of 6 vanes are employed with four different blowing ratios (1, 1.35, 1.7, and 2). The spanwise spacing of the holes in all cases is 4.5d, all geometrical details of cooling holes are tabulated in Table 1 . number of pixels at different locations along the vane surface and correlated to the actual linear distance. A Thermochromatic Liquid Crystal technique (TLC) is used to map the temperature distribution along the investigated area. A special vane is designed for performing the in-site TLC calibration process to account for the curvature effect. The calibration vane is manufactured with a special groove of 5 cm×5 cm×0.36 mm to contain both the heater and the TLC sheet. The heater (Omega, KH608/205P), with a maximum power output of 0.8W/cm 2 , is used to apply a uniform heat flux to the TLC sheet in the calibration process to achieve the same illumination and camera settings for both calibration and experimental running processes. The heater is fed through a DC regulator (BK PRECISION 1623A) to ensure infinitesimal power steps. A set of colored images is captured at different power inputs so that a steady state temperature reading is achieved after each power step. Each image has a different color map while the surface temperature is recorded using two thermocouples at two different positions. An in-house Matlab code has been developed to perform the image processing for the different TLC colors and transform them to the corresponding hue values. The camera view angle and the light distribution are changed over the vane curved surface. Therefore, each image is divided into small regions, called the Region of Interest (ROI) with a dimension of 1 pixel by 1 pixel. Each ROI has its own hue value and it is related to the surface temperature. The colored images in the experimental measurement are also divided in the same manner. Using an interpolation process, the hue values of the measurement images are interpreted to the corresponding surface temperature.
Hole Geometry and the Test Vane

Data Reduction
The one-dimensional transient heat conduction through a semi-infinite solid is assumed to determine the local heat transfer coefficient and cooling effectiveness. The unsteady heat conduction equation for one dimensional heat conduction into a semi-infinite solid is given as:
( 1) with the initial and boundary conditions
the solution for Equation (1) was found to be:
The initial temperature, Ti, of the surface as well as the mainstream temperature, Tm, will be measured by using a thermocouple. The film temperature, Tf, can be calculated as a function of coolant temperature, Tc, mean temperature, and film cooling effectiveness as follows (4) Equations (3) 
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where,  and k are the thermal diffusivity and the thermal conductivity of the surface material, respectively. Equation (5) is solved using the least square regression method through the 300 images. Each image represents the wall temperature at a certain time step in the transient experiment, to obtain the local h and  for each ROI.
In Equation (5), Tw, Tj and Tm are changing with time during the transient test. The variation of these parameters can significantly alter the solution to the differential equation. However, due to the experimental limitations, noticeable changes have been observed in their values during the running times. Many modifications and technical investigations have been performed to minimize the variation in these values. The change in the jet temperature is the major source of error in this measurement. Decreasing the plenum volume and increasing the tubing insulation provided a significant reduction in the heat loss; however, this could not eliminate the heat loss completely. Another source of error is the conduction effect on the surface in the region around the hole exit. The heat is transferred from the plenum to the area under investigation through a thin wall. An additional material was added to the plenum to increase the wall thickness in order to minimize the heat conduction. Moreover, the mainstream temperature shows a slight decrease during each test of approximately 0.5°C.
A single transient test of 60 seconds, with a total of 300 images (N) is considered in the present study to solve Equation (5) and calculate the two unknown variables, h and η, using a nonlinear least square regression method for each ROI over the target surface. The regression analysis technique reduces the experimental error by considering the infinitesimal changes in each parameter during the fitting process. The surface temperatures of each ROI over the target surface are measured using TLC at each time step (τ) during transient measurements as,
In the first few images (n), there was no TLC response over the entire target area. As a result, N-n equations are applied in Equation (5) to calculate the two parameters (h and η) using nonlinear least square regression method. The optimum solution is achieved by minimizing the least square error (ε) for each ROI downstream of the film cooling surface as follows:
The number of unused images (n) had an effect on the final solution of h and η. The "n" is dependent on the time response of the secondary flow over the downstream TLC surface. Each ROI, over the surface, had a different value of n, based on the flow conditions. For each ROI, a logical loop is applied to determine the proper number of images (n) that can be selected to provide the minimum least square error (ε) in Equation (7). The best fit is achieved when the summation of squared residuals had a minimum value.
Each airfoil profile has its own streamline which affects the heat transfer over its surface. In addition, the same airfoil itself has different streamline expansions on both its pressure and suction sides. Therefore, the best way to present the heat transfer coefficient changes on the airfoil surface is by normalizing the heat transfer coefficient of film cooling (hf) to the heat transfer coefficient without film cooling (ho). The special vane, contains a groove, can be used for measuring the heat transfer coefficient without film cooling over the vane surface. That groove was designed such that its depth contains an electric heater coated with the TLC material without affecting the aerodynamic flow around the vane surface. The mainstream flows over the vane and a constant heat flux is applied using the electric heater. After achieving steady state, an image of the vane is captured with the corresponding temperature contours over the TLC material. The heat transfer coefficient without film cooling can be obtained by applying Equation 8 .
The conduction loss from the heater to the vane surface is calculated based on the thermal conductivity and the constant heat flux boundary condition and it is assumed to be 10% from the total heat applied by the heater. The electric loss in the wiring is assumed to be 4% based on the used current, voltage and the wiring cross sectional area. In addition, the radiation loss is assumed to be (1%). The heat losses (qloss) in terms of conduction, electric, and radiation losses are estimated to be fifteen percent of the total heat load applied by the heater (qelec), hence q = qelec -qloss, or q = 0.85 qelec
The vane is manufactured using a Stereo lithography technique (SLA) from a material with a commercial brand called WaterShed. The thermal properties of this material are not tabulated on the standard heat transfer tables and were needed to be measured by the authors. Therefore, the measurements of the thermal capacitance, the thermal conductivity, and the thermal diffusivity have been performed and their values found to be, with the given uncertainty, 0.211328 ± 0.0129 W/m.K, and 0.127E-6 ± 0.1E-7 m 2 /s, respectively. Uncertainty analysis is based on 95 percent confidence levels, and determined using procedure described by Kline and McClintock [19] and by Moffat [20] . Mach number uncertainty is 0.002, temperature is ± 0. 
Results and Discussion
The proposed smooth expansion has been examined with different geometrical aspects in order to reduce the interaction between the coolant jet and the mainstream on the leading edge region. One row of holes is employed on the stagnation line of the scaled vane with a radial compound angle. The holes have a 60 o inclination angle to the mainstream direction in addition to a similar row of holes has 90 o inclination angles. The cooling performance of the proposed exit has been measured and compared with the performance of the standard cylindrical hole of the same base diameter at four different blowing ratios 1, 1.35, 1.7, and 2. The mass flow of the coolant delivered to the cylindrical hole for a given blowing ratio was measured at the plenum condition. The measured coolant mass flow is delivered to the proposed exits to compare between all geometries based on the same coolant flow rate. The camera is positioned such that it views the leading edge from the pressure side. Therefore, the measurements are recorded for a distance equal to 12 s/d on the pressure side, while the measurements are available only for 8 x/d on the suction side due to the high curvature of its surface.
Heat Transfer Coefficient Measurement
Equation 5 is solved using the least square regression method to obtain both the effectiveness and the heat transfer coefficient. Figure 3 presents the local distribution of the heat transfer coefficient downstream the two expansion levels in addition to the cylindrical hole. The changes in the heat transfer coefficient towards both the pressure side and suction side are presented at four different blowing ratios. With the cylindrical injection, the suction side shows higher heat transfer coefficient compared with that of the pressure side. By employing the first expansion level, 2d, the heat transfer coefficient on the suction side slightly decreases accompanied by a decrease in the HTC on the pressure side.
However, at high blowing ratio, the jet momentum is still strong enough to penetrate strongly through the main stream causing similar HTC to that with cylindrical exit. Applying the highest expansion level, a noticeable reduction in the heat transfer coefficient has been obtained in both suction and pressure side, even with the highest blowing ratio. The proposed expansion geometry causes a reduction on the heat transfer coefficient downstream the hole on both sides, particularly on the suction side.
The film cooling heat transfer coefficient is normalized by dividing it over the heat transfer coefficient without film cooling. Figure 4 shows the normalized lateral-averaged heat transfer coefficient over the pressure side for the three expansion levels: standard cylindrical, 2d, and 4d at Br = 1. Each expansion level is presented at two-hole inclination angles, 90 o and 60 o , and the normalized heat transfer coefficient of the York and Leylek [13] is presented as well. The hole in their study was standard cylindrical inclined 20 o with respect to the vane surface. The heat transfer coefficient was lower than that of the present study as the inclination angle in their study was shallower than that of the present study. As the inclination angle is smoother, the major momentum component of the jet is in the direction of the mainstream. Hence, the interaction between the jet and the main flow is then reduced causing the reduction of the heat transfer coefficient.
By increasing the expansion level to 2d, there are some vortices that are formed due to the short expansion length hence a slight increase in the heat transfer coefficient is observed. At the highest expansion level, 4d, the coolant is expanded in the longer smooth portion of the hole and yields to the main flow causing a noticeable reduction in the heat transfer coefficient. As the inclination angle changes from 60 o to 90 o , the disturbance caused by the jet increases due to the decrease of the momentum component that yields the mainstream, such that all the momentum confronts the main flow, hence the heat transfer coefficient increases. The expansion level changes have insignificant effect on the heat transfer coefficient due to the complete confrontation between both streams in all cases. Figure 5 presents the effect of the blowing ratio on the heat transfer coefficient at 60 o inclination angle towards the pressure and suction directions downstream the cooling hole. In all cases, the suction side shows lower heat transfer coefficient than the pressure side. The high curvature downstream the cooling hole towards the suction side keeps the coolant away from the vane surface. The unattached coolant causes the disturbances to occur away from the vane surface, causing the lower heat transfer coefficient, and lower effectiveness as seen previously [21] . The cylindrical exit shows insignificant change in the heat transfer coefficient with the blowing ratio in both the pressure and suction sides, as shown in Figure 5a . By implementing the first expansion level as shown in Figure 5b , the disturbances occurred by the coolant increased due to the undeveloped flow through the short expansion length, causing an in increase the heat transfer coefficient on the pressure side. The flow deviating towards the suction side tends to decrease and a reduction in the heat transfer coefficient is observed. Increasing the blowing ratio causes a slight increase in the heat transfer coefficient downstream the first expansion level on both sides of the vane. The highest expansion level provides the lower heat transfer coefficient due to the further decrease of the jet momentum and the tendency of the flow to remain attached to the vane surface, as shown in Figure 5c . A reduction in the heat transfer coefficient is also observed at the suction side for the highest expansion level compared with the other expansion levels. inclination angle at all expansion levels. The complete confrontation between the coolant and the mainstream induces a high disturbance level that overcomes the expansion of the coolant jet and the subsequent decrease in momentum. For both expansion levels the coolant flow towards the suction side is completely diluted through the mainstream. Therefore, no temperature changes can be traced on the TLC material and no enough data is available on the suction side to be processed.
Net Heat Flux Reduction
Elnady et al. [21] presents the increase in the effectiveness using the smooth expansion exit with the standard cylindrical hole. In addition, the heat transfer coefficient has been changed by implementing the proposed expansion levels and the inclination angles as well. The increase in the heat transfer coefficient with the film cooling holes provides more thermal stresses on the airfoil surface by increasing the heat load that is transported to the surface. The net heat flux reduction (NHFR) is used to combine the increase of both effectiveness and heat transfer coefficient into one evaluation parameter to conclude the benefit of using the film cooling hole. NHFR can be defined as the ratio between the total heat transferred to the vane surface with film cooling (qf) and the total heat transferred to the vane surface without film cooling (qo). NHFR can be calculated according to equation (9) 
where  is the overall cooling effectiveness and ranges from 0.5 to 0.7 for a typical airfoil cooling system. The value of  is the inverse of  which is f(Tm, Tj, and Tw), therefore its value depends on the location on the vane surface, and it can be calculated from equation (10) .
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The current study is performed using the transient technique and the temperature of the wall changes during the test duration, therefore the value of  is selected to be 0.6. In the steady state experiments the surface temperature is spatially changed but it is steady with time. inclination angle towards both the suction side and the pressure side at the investigated blowing ratios. The blowing ratio shows insignificant influence on the heat load reduction, while the proposed hole geometry highly improves the cooling performance particularly towards the suction side.
The heat load reduction downstream the standard cylindrical hole is shown on Figure 7a . The cylindrical hole provides moderate effectiveness downstream the cooling hole towards the pressure side with high heat transfer coefficient that shows a high impact on the heat load reduction in that critical region and overcomes the gained effectiveness, keeping the heat load the same as no cooling is applied. Farther downstream, the effectiveness decreases but the heat transfer coefficient decreases with higher rate causing a reduction in the heat load, around 20% of the load without film cooling. The standard cylindrical hole shows the worst performance just downstream the hole towards the suction side. The effectiveness is low with high heat transfer coefficient that causes an increase in the heat load over that without film cooling. The heat load returns to a normal level later downstream due to the reduction in the heat transfer coefficient. Figure 7b shows the heat load reduction with the first expansion level and reveals the benefit of using the smooth expansion on that critical region of the airfoil. A heat load reduction of about 10% is gained downstream the hole towards the pressure side with further reduction later downstream. The lowest blowing ratio, Br = 1, shows the lowest heat load reduction, while other blowing ratios provide more than 30% reduction. Another benefit of the smooth expansion is keeping the heat load on the suction side similar to that without film cooling. Figure 7 shows a significant reduction in the heat load using the highest expansion level. Moreover, the heat load is characterized by steady performance over the investigated area while decreasing the difference in heat load between the pressure side and the suction side. The steady heat load, in addition to the similar values downstream the cooling hole in both sides, yields uniform thermal stresses in that critical region of the airfoil and increases the endurance of the protected material. Figure 8b . There is no data presented for Br = 2 as the coolant has a high momentum, causing a severe jet lift-off, keeping the coolant away from the surface, hence no measurements are sensed by the TLC material.
Applying the second expansion level provides a severe reduction in the jet momentum yielding the coolant at the highest blowing ratio to be attached to the surface. The TLC material can trace the coolant and the measurement can be recorded. The heat load, which is greater than that without film cooling, is still present but slightly lower than in the case of the first expansion level. A lower heat reduction is also gained later downstream as shown in Figure 8c 
Conclusion
An experimental investigation has been performed to evaluate the employment of smooth expansion hole positioned at the leading edge of a gas turbine stator. Two expansion levels, 2d and 4d, have been investigated at two inclination angles, 90 o and 60 o , in addition to the standard cylindrical hole. The lateral-average cooling effectiveness and normalized heat transfer coefficient have been determined using the transient Thermochromatic Liquid Crystal technique at four different blowing ratios, 1, 1.35, 1.7, and 2. The smooth expansion exit, 2d, shows lower heat transfer coefficient compared with the standard cylindrical exit when supplied with the same coolant flow rate. The high blowing ratios lead to a severe jet lift-off with slight increase in the heat transfer coefficient on the highly curved surface of the leading edge. The magnification of the exit area in the proposed exit, 4d, causes a significant decrease in the jet momentum and subsequent decreases in the heat transfer coefficient. The suction side shows lower heat transfer coefficient compared with the pressure side in all cases because of the highly curved surface in the suction side which keeps the jet away from the vane surface. The proposed expansion exit provides lower heat transfer coefficient compared with the standard cylindrical exit with insignificant change with the blowing ratio.
The smoother inclination angle, 60 o , provides a component of the jet momentum that yields to the main flow and decreases the interaction between both streams. The steep inclination angle, 90 o , hardly faces the mainstream, yielding a significant increase in the heat transfer coefficient. The jet momentum in that case completely confronts the mainstream, causing high disturbance hence higher heat transfer coefficient. There is no data presented for same cases especially on the suction side because there is no color traced by the TLC range used. This indicates no effectiveness gained and the heat transfer coefficient changes cannot be predicted. The authors recommend a flow visualization investigation, via PIV, for the same running conditions to reveal the phenomena associated to the flow interaction at this critical region of the airfoil.
